INTRODUCTION
============

Incidences of urogenital anomali such as hypospadias, cryptorchidism, and testicular cancer have increased, and the environmental endocrine disrupters (EDs) may be responsible for these abnormalities.[@B1] Most EDs are produced in industrial factories and released into the environment. Chemicals used in daily life, such as herbicides, are also major pollutants, and they are believed to be primarily absorbed through dietary intake and accumulate in animals and humans.[@B2] One of the endocrine disrupters, 2,3,7,8-Tetrachlorodibenzo-p-Dioxin (TCDD), is the most toxic congener of a class of polyhalogenated aromatic hydrocarbons.[@B3] TCDD has shown to induce toxic responses such as carcinogenicity in humans, and hepatotoxicity and teratogenicity in laboratory animals.[@B4]-[@B6] Maternal exposure to TCDD was reported to cause reproductive changes in male offspring; reduced sperm count, decreased anogenital distance, reduced size of reproductive organs, and a feminized regulation of pituitary luteinizing hormone secretion.[@B7]-[@B10] While there is a substantial amount of evidence to indicate that TCDD adversely affects reproductive male organs, the mechanism of this impairment is not well understood.

Androgens are necessary for male sexual development and maturation, and they serve to maintain reproductive organs.[@B11] Down-regulation of androgen receptor (AR) mRNA or low immunoreactivity of AR caused by *in utero* and lactational TCDD exposure has been observed in the prostate.[@B12]-[@B15] One possible explanation of alteration in male reproductive organs is that *in utero* and lactational TCDD exposure reduces androgen concentration and androgen receptor expression. The objective of this study is to examine the androgen receptor expression in testes after *in utero* TCDD exposure.

Germ cell maturation towards the center of the seminiferous tubules is required for spermatogenesis, which includes spermatogonia mitotic proliferation, spermatocytes meiotic division, spermatid differentiation, and spermatozoa release into the center of the tubule.[@B16] Germ cell apoptosis also occurs normally during spermatogenesis in mammalian species.[@B17] It has been reported that exposure to toxic agents such as phthalate, ethane dimethane sulfonate, zearalenone, and TCDD induces apoptosis in the seminiferous tubules.[@B18]-[@B21] However, there are few studies to report the effects of EDs on the proliferation of testicular cells. Proliferating cell nuclear antigen (PCNA) is a component of DNA polymerase of proliferating somatic cells,[@B22]-[@B24] and is expressed in proliferating spermatogonia and early spermatocytes.[@B25] Thus, we focused our efforts on the effects of *in utero* TCDD exposure on spermatogenesis and investigated the mechanism of morphological alteration.

MATERIALS AND METHODS
=====================

Animals and treatment
---------------------

C57BL/6 mice (20 females and 10 males) were obtained from Daehan Biolink Co., LTD, Incheon, Korea, and were cared in the AAALAC system. The animal procedure was approved by the Institutional Animal Care and Use Committee of the Yonsei University College of Medicine. Two females were housed overnight with 1 male per cage, and the presence of a vaginal plug was checked on the following morning. The day when sperm plugs were found was considered gestation day 0 (GD 0). On GD 15, pregnant females (n = 5 for each group) were randomly chosen and given a single I.P. injection of TCDD (1 µg TCDD/kg body weight). The rest were given an equivalent volume of vehicle (corn oil, Sigma Chemical Co., St. Louis, MO, USA) as a control. This period was selected because it has previously been reported that a critical window for the impairment of male reproductive organs occurred around GD 15 when Long-Evans hooded rats or Sprague-Dawley rats were exposed to TCDD (1 µg TCDD/kg body weight) compared to GD 8 or GD 18 TCDD exposure.[@B14],[@B26] The male offspring were weighed and sacrificed on PND 30 and 60. Body length (the length between the tip of the nose and anterior edge of the anus) and anogenital distance (AGD, the distance from the anterior edge of the anus to the base of the genital tubercle) were measured with a caliper. Testes were excised, weighed, fixed in 10% formalin, and embedded in paraffin for further study.

Histological examination
------------------------

Paraffin-embedded testes were sectioned into 4-µm-thickness. After deparaffinized and rehydrated with graded alcohols, the tissue sections were stained with hematoxylin and eosin (H-E) and examined for histological lesions.

Immunohistochemistry
--------------------

To detect proliferating cell nuclear antigen (PCNA) in testes, the tissue sections were deparaffinized and rehydrated through graded alcohols. Thereafter, the sections were subjected to microwave antigen retrieval treatment for 20 minutes, and nonspecific binding was blocked by incubation with 10% normal swine serum (DAKO Corporation, Carpinteria, CA, USA) in TPBS (phosphate buffered saline with 10% triton X-100) for 30 minutes. Mouse monoclonal proliferating cell nuclear antigen antibody (PCNA, DAKO Corporation) was diluted in blocking solution and incubated over the sections in a humid chamber for 16 hours at 4℃. A biotinylated anti-mouse IgG was then applied, followed by streptavidin peroxidase (DAKO LSAB+ Kit, DAKO Corporation) treatment for 1 hour at room temperature (RT). Immunoreactions were localized using hydrogen peroxide-activated 3,3\'-diaminobenzidine-tetrahydrochloride (Sigma Chemical Co, St. Louis, MO, USA). In each group, 1 testis from 5 offspring each from a different litter, was selected for evaluation. Three sections from different parts of each testis were chosen. A total of 10 seminiferous tubules in each section were randomly chosen, and the average number of PCNA-positive cells per tubule was analyzed.

For androgen receptor immunostaining, a tyramide amplification step was applied according to the manufacture\'s instructions (TSA Biotin system kit, PerkinElmer, Boston, MA, USA). Briefly, after tissue sections were deparaffinized and rehydrated through graded alcohols, antigen retrieval was performed by microwave for 10 minutes in 0.1 M citric acid buffer, pH 6.0. After cooling at RT, the endogenous peroxidase activity was blocked with 3% H~2~O~2~ in 50% methanol for 20 minutes, and avidin and biotin were blocked by the supplement provided in the kit. Next, tissues were incubated with the polyclonal anti-AR antibody (PG-21, Upstate, Lake Placid, NY, USA) for 16 hours at 4℃, followed by a 1-hour of incubation with biotinylated goat anti-rabbit antibody (Zymed Laboratories Inc, San Francisco, CA, USA). For biotin amplification, the tissue sections were incubated with biotinyl tyramide at RT for 10 minutes, followed by incubation with streptavidin-HRP at RT for 30 minutes. The immunoreactions were localized using hydrogen peroxide activated 3,3\'-diaminobenzidine-tetrahydrochloride (Sigma Chemical Co). Positive reactions were examined under light microscope equipped with a CCD system. In each group, 1 testis from 5 offspring each from a different litter, was selected for evaluation.

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) analysis
--------------------------------------------------------------------------------------

For TUNEL assay, tissue sections were deparaffinized and rehydrated through graded alcohols, and then treated with proteinase K (15.1 µg/mL in 10 mM Tris-HCl, Roche, Mannheim, Germany) for 30 minutes at RT. The tissue sections were incubated with reaction buffer (In Situ Cell Death Detection Kit, POD, Roche, Mannheim, Germany) to label DNA strand breaks for 1 hour at 37℃ in the dark, and treated with horse-radish-peroxidase for 30 minutes at 37℃. The reaction was performed using DAB (Sigma Chemical Co) at RT, and the stained cells were analyzed under a light microscope. Apoptotic cells were identified by their deep blue color and condensed size. In each group, 1 testis from 5 offspring each from a different litter, was selected for evaluation.

Statistical analysis
--------------------

Data are presented as mean ± SEM. A paired t test was performed to analyze the statistical difference between the experimental groups, and a difference was considered significant at the *p* \< 0.05 level.

RESULTS
=======

Weight, length, anogenital distance
-----------------------------------

The body weights and lengths of male offspring were not significantly affected by TCDD exposure when measured on PND 30 and PND 60. However, the absolute AGD and relative AGD levels were significantly decreased on PND 30. On PND 60, the absolute AGD was also decreased after TCDD exposure. TCDD also reduced the absolute weight of the testes and epididymis, both on PND 30 and on PND 60. The relative weights of each structure were significantly decreased on PND 60 compared with those of the control group. When the 2 TCDD exposed groups were compared, the percentage decrease of PND 60 was much lower than that of PND 30 ([Table 1](#T1){ref-type="table"}).

Histological assessment of testes
---------------------------------

Control and TCDD-exposed testes on PND 30 and PND 60 ([Fig. 1](#F1){ref-type="fig"}) were observed by hematoxylin and eosin-stained cross sections. On PND 30, the germ cell population in seminiferous tubules was destroyed in TCDD-exposed testes. None of the testes investigated on PND 60 exhibited any alteration.

Androgen receptor expression
----------------------------

Androgen receptor (AR) expression in testes on PND 30 and PND 60 was immunohistochemically examined. Positive reactivity was noted in nuclear staining. AR was present in most Leydig cells, Sertoli cells, and peritubular myoid cells in the testes. AR expression was decreased on PND 30 in TCDD-treated testes, but AR expression on PND 60 was increased in TCDD-exposed testes ([Fig. 2](#F2){ref-type="fig"}).

Cell proliferation and apoptosis in testis
------------------------------------------

PCNA positive cells were observed in spermatocytes and spermatogonia in seminiferous tubules of both control and TCDD-treated groups. The number of PCNA positive cells per seminiferous tubule was counted, and 10 circular formed seminiferous tubules per section from 5 different dams were examined. TCDD exposure reduced the number of PCNA positive cells on PND 30 and PND 60. The number of PCNA positive cells in GD 15 TCDD-treated testes was significantly decreased compared with that in the control group on both PND 30 and PND 60. However, when the 2 TCDD exposed groups were compared, the percentage of PND 60 decrease was much lower than that of PND 30 ([Fig. 3](#F3){ref-type="fig"}).

TUNEL positive cells were identified by their condensed size, and the spermatocytes and spermatogonia were labeled in both control and TCDD exposed testes. Sertoli cells, Leydig cells, and other interstitial cells were TUNEL negative in both control and TCDD exposed testes. TCDD did not affect germ cell apoptosis on PND 30 and PND 60 ([Fig. 4](#F4){ref-type="fig"}).

DISCUSSION
==========

In this study, we examined the effects of *in utero* TCDD exposure on the development of the male offspring reproductive system. TCDD was found to adversely affect the development of the male offspring reproductive system by suppressing androgen function. In addition, we observed that the adverse effects of TCDD were attenuated with increasing time. This is the first report to demonstrate the self-repairing capability of the testes after TCDD treatment.

Morphological alterations are the most common adverse effects of TCDD exposure on the development of animals. Many studies have demonstrated the effects of TCDD on the morphological alteration of offspring in rodents, reporting that *in utero* or lactational TCDD exposure reduces the weight of male reproductive organs compared with that in the control group, while body weights are unaffected.[@B9],[@B13] Anogenital distance (AGD) has also been reported to decrease *in utero* or in lactational TCDD exposure.[@B13],[@B14],[@B26] In our study, we also observed that the weight of the testes decreased after TCDD exposure, while body weight was not affected. Moreover, AGD was found to have decreased on PND 30 and PND 60 compared to that in the control group. However, the decrease on PND 60 was less than that on PND 30 ([Table 1](#T1){ref-type="table"}), suggesting that the effects of TCDD on testes tend to decrease after PND 60. Here we report for the first time that it is possible to correct the adverse effects of TCDD.

Upon histological examination, we found that TCDD destroyed many germ cells at every stage,evidenced by the lesions of testes on PND 30. However, on PND 60, no significant differences were found in the control or TCDD-treated groups ([Fig. 1](#F1){ref-type="fig"}). In fact, the effect of TCDD on each stage of spermatogenesis in the testes still remains a matter of debate. El-Sabeawy et al. reported that the diameter of the seminiferous tubule was decreased and the spermatogonial population was significantly absent after TCDD exposure (10 µg/kg),[@B27] and Faqi et al. reported that pathological changes were detected in individual seminiferous tubules, which included pyknotic nuclei and the occurrence of cell debris in the lumen.[@B7] It should, however, be pointed out that most tubules were normal without any signs of direct damages. Other investigators indicated that, despite the TCDD-induced morphological alteration, there were no histological differences between the control and TCDD-treated groups.[@B13],[@B28] However, based on our data, we suggest that the lesion on testes may be attributed to reduced AR expression.

Androgens are hormones essential for developing and maintaining the cells in the male reproductive organs.[@B11] The functions of androgens are completed by binding to the androgen receptor.[@B29] It has been reported that suppression of AR during the gestational period results in a significant downregulation of testosterone, AGD and reproductive tissue weight as well as number of Sertoli cells.[@B30]-[@B32] In the prostate, *in utero* and lactational exposure to TCDD reduces the expression of AR.[@B12],[@B15] on the other hand, it has been reported that TCDD treatment does not seem to have much influence on AR expression in the seminal vesicle.[@B33] Judging from the reports, the effect of TCDD appears to vary depending on the type of tissue. We also found in this study that, the AR expression was increased on PND 60 compared to the control group although androgen receptor expression decreased on PND 30 ([Fig. 2](#F2){ref-type="fig"}). In humans, the half life of TCDD has been reported to be from 7 to 10 years.[@B34] We, therefore, speculate that the concentration of TCDD in the adult mouse (PND60) has already decreased to much less than that of the neonatal or juvenile period (PND 30). This may explain the fact that the AR rebounded on PND 60. Thus, the greater reduction of the level of AGD on PND 30 than on PND 60, and the recovery of testes on PND 60 seem to be related to the increased AR level on PND 60.

Another important finding of the present study was that *in utero* TCDD exposure suppressed the development of the reproductive system in the male offspring by suppressing cell proliferation rather than by inducing cell apoptosis. Although PCNA was significantly reduced both on PND 30 and PND 60 in TCDD-exposed groups, decrease of PCNA level was strikingly greater on PND 30 than on PND 60 ([Fig. 3](#F3){ref-type="fig"}). PCNA expression has previously been shown to be dose-dependently related to androgens[@B35] and androgens are regulated by AR. Therefore, the change of PCNA contributes to the alteration of AR. Nevertheless, we did not find induction of apoptosis in the two TCDD treated groups ([Fig. 4](#F4){ref-type="fig"}). This is in contrast to the previous study by Schultz,[@B21] and may be due to the difference in concentration, duration of treatment, and application methods.

In summary, the present study demonstrates that *in utero* exposure to TCDD can impair the development of offspring testes by suppressing the androgen receptor. However, the adverse effects of TCDD on male offspring showed a tendency to decrease over time. This trend of recovery can probably be due to coordinated action of androgen receptors and hither-to unknown mechanisms of TCDD-induced toxicity. These unknown mechanisms need to be investigated in future studies.
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![Histological assessment of testis from male offspring In utero exposure to TCDD. (A and C) Testes from control group on PND 30 and PND 60, respectively. (B and D) Testes from TCDD exposed group on PND 30 and PND 60. n = 9 - 10 for each group (Magnification: × 100). PND, postnatal day; TCDD, 2,3,7,8-Tetrachlorodibenzo-p-Dioxin.](ymj-49-843-g001){#F1}

![Effects of in utero TCDD exposure on expression of androgen receptor. Pregnant mice were injected with 1 µg/kg TCDD concentration on GD 15. Testes on PND 30 and PND 60 were used to examine the expression of androgen receptor (AR) by immunohistochemistry (n = 5, for each group). AR was present in Leydig cells (white arrow), Sertoli cells (black arrow) and peritubular myoid cells (arrow head) in testis. (A and C) Testes from control group on PND 30 and PND 60 respectively. (B and D) Testes from TCDD exposed group on PND 30 and PND 60 (Magnification: × 100). PND, postnatal day; TCDD, 2,3,7,8-Tetrachlorodibenzo-p-Dioxin.](ymj-49-843-g002){#F2}

![Effects of in utero TCDD exposure on cell proliferation. Pregnant mice were injected with 1 µg/kg TCDD concentration on GD 15. Testes on PND 30 and PND 60 were used to examine cell proliferation using specific anti-PCNA by immunohistochemistry. Three sections from different parts of each testis were chosen, and a total of 10 seminiferous tubules in each section were randomly chosen for counting PCNA-positive cells. (A and C) Testes from control group on PND 30 and PND 60, respectively. (B and D) Testes from TCDD exposed group on PND 30 and PND 60. (E) The quantification of PCNA positive germ cells. Data indicate means ± SEM. n = 5 for each group. PND, postnatal day; TCDD, 2,3,7,8-Tetrachlorodibenzo-p-Dioxin. ^\*^*p* \< 0.01, ^\*\*^*p* \< 0.01 (Magnification: × 100).](ymj-49-843-g003){#F3}

![Effects of in utero TCDD exposure on cell apoptosis. Pregnant mice were injected with 1 µg/kg TCDD concentration on GD 15. Testes from PND 30 and PND 60 were used to examine cell apoptosis TUNEL staining (arrow head) (n = 5 for each group). (A and C) Testis from control group on PND 30 and PND 60, respectively. (B and D) Testis from TCDD exposed group on PND 30 and PND 60 (Magnification × 200). PND, postnatal day; TCDD, 2,3,7,8-Tetrachlorodibenzo-p-Dioxin.](ymj-49-843-g004){#F4}

###### 

Effects of In Utero TCDD Exposure on Organ Weight and Length in Male Offspring
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PND, postnatal day; TCDD, 2,3,7,8-Tetrachlorodibenzo-p-Dioxin.

Data expressed as means ± SEM.

Relative anogenital distance (%): anogenital distance / body length × 100.

Relative weight (%): absolute organ weight / body weight × 100.

n = 9 - 10, ^\*^*p* \< 0.05.
